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Abstract

We compared thérthrobacter chlorophenolicus proteome during growth on 4-chlorophenol,
4-nitrophenol or phenol a8 and 28C; both for the wild type and a mutant strain with mass
spectrometry based proteomics. A label free workflow empipgpectral counting identified
3749 proteins across all growth conditions, representing over 70% of tetgdegenome
and 739 of these proteins form the core proteome. Statisticghifisant differences were
found in the proteomes of cells grown under different conditions includffeyetitiation of
hundreds of unknown proteins. The 4-chlorophenol-degradation pathway was conffiuned,

not that for phenol.

Introduction

Arthrobacter chlorophenaolicusis a previously described species that is capable of
degrading severglara-substituted phenolic compounds, such as 4-chlorophenol (4-CP), 4-
nitrophenol (4-NP) and 4-bromophenol (4-BP) in addition to unsubstituted phatioigh
concentrations of 1.44, 2.72 and 12.77 mM, respecfivéhese compounds are common
pollutants in soil, and 4-NP, in particular, is a priority pollutant listed by the U.S.
Environmental Protection Agency
(http://www.epa.gov/waterscience/methods/pollutants.hahl orophenolicus degrades
these compounds efficiently as single growth substrates and in mixfliésbacterium can
degrade 4-CP under mesophilic (28°C) and psychrophilic (5°C) conditions and during

repeated fluctuations between these temperature exfremes



A. chlorophenolicus and many other members of the actinobacteria group are common
residents of soil and have high tolerance to stressful conditions encountered in the soil
environmentA. chlorophenolicus cells can survive after inoculation to non-sterile soil in a
presumed dormant statelemonstrating an unusual stress tolerance that has also been
reported for otheArthrobacter and related actinobacterial speéidherefore, it would be
interesting to understand the mechanisms underlying the abiktyobforophenolicus and
related strains to survive and grow under these highly stressful conditions.

One adaptation mechanism to changing environmental parameters is to change the
composition of fatty acids in the cell membrane. Previously, we studied adaptatibas.of
chlorophenolicus cell membrane fatty acids to changes in concentrations of phenolic
compounds and to temperatur€lear effects on thanteiso:iso ratio of branched fatty acids
were seen in response to increasing concentrations of phenols, and to an even teighier ex
response to changes in growth temperature.

Our aim in this study was to examine mechanisms uséd dhyorophenolicus to adapt to
growth on different phenolic compounds or temperatures at the protein level. We used a
bottom-up, or “shotgun” mass spectrometry based proteomics apptdaltdwed by label
free quantitation and statistical analyses for detailed exploration Af torophenolicus
proteome during growth on different phenolic compounds and at different temperéhees
shotgun proteomics approach is based on a coupling of multidimensional liquid
chromatography with electrospray-tandem mass spectrometry (2ES-KIS/MS). This
approach has many advantages over traditional 2-dimensional-polyacrylamide gel
electrophoresis (2D PAGE-M%Y. With recent instrumental advante¥ 2D-LC-MS/MS
methods can identify up to half of the predicted proteins (1000-3000 protein products) in
isolates in a single experiment in a few day$ This method is highly dependent on parallel
computational analyses of the predicted proteome sequence that is cleavagmedtedn

silico and compared with MS/MS spectra via search engines such as SEQaHEST



Mascot®. The recent advent of the draft genome sequenaeabiforophenolicus
(http://img.jgi.doe.gov/cgi-bin/pub/main.cgi) enabled us to specificallyysiis proteome
using the shotgun proteomics approach.

Our specific aims in the present investigation were to determineAhadulorophenolicus
adapts its proteome in response to stress conditions, such as temperature chaege$bet
and 28C and to growth on different phenolic substrates. In addition, we studied a mutant
strain ofA. chlorophenolicus (T99), harboring a non-functional hydroxyquinol 1,2-
dioxygenase gene. This mutation disabled the cell’s ability to grow on sitddithenols, but
its growth on phenol was even better than the wild'fydéerefore, we also examined the
proteome of mutant T99 and compared it to the wild type during growth on phenol to gain a

better understanding of proteome adaptations to phenolic substrates.

Materials and Methods

Bacterial strains and culture conditions.Arthrobacter chlorophenolicus strain A6 was
previously isolated from a soil slurry enriched with increasing coretgms of 4-
chlorophenol (4-CP) A. chlorophenolicus mutant T99 contains a chloramphenicol resistance-
conferring transposon inserted into a hydroxyquinol 1,2-dioxygenase gene ngjstbli
ability to grow on substituted phenblsThe cells were grown in GM minimal meditim
supplemented with 4-nitrophenol (4-NP), 4-CP or phenol as previously deséritéB°C
and 5°C. Mutant T99 was grown in cultures supplemented with 5 [gafnibramphenicol to
select for transposon retaining cells. 4-NP and 4-CP were purchased froer/Adyoh
(Steinheim, Germany) and phenol from Merck (Darmstadt, Germany). The phemels w
added from stock solutions to final concentrations of 100 pg 4aNP, 150 pug mt 4-CP

and 400 pg mt phenol.



Cell lysis and sample preparation for 2D-LC-MS/MS.Triplicate cultures from 8
different treatments were prepared. Cells in mid-log phase of growtk008-0.3,
depending on growth conditions as previously determiheuere harvested by centrifugation
at 6 000x g for 20 min. They were washed once with 1.5 mL Tris-EDTA-buffer (TE), pH 7.6,
at the same temperature used to grow the cells; i.e. 5 or 28°C. Cells wedezifisile
centrifugation 5 min at 16 000g at 4°C and stored at -80°C until further treatment.
Subsequently cell pellets were diluted in 1 mL TE for lysis using a FaStR#ecell disrupter
(MP Biomedicals, Solon, OH) in tubes containing 0.5 mL of 0.1 mm zirconium/silica beads
(BioSpec Products, Inc., Bartlesville, OK) at a speed of 6.5 m/s four times, db. Sbha
lysate was centrifuged at 708@ for 20 min. and the supernatant was recovered.
Concentrated trichloroacetic acid (TCA) was added to a volume of 10% and thessaemae
incubated at 4°C overnight. The resulting precipitate was harvested by centiflagat6
000x g for 10 min., and washed with ice-cold methanol. After one additional centrifugation
step, the precipitate was stored at -80°C until LC-MS analysis (see)bglbsamples were
processed as follows: protein pellets were re-suspended in 6 M guanidine/10 mM
dithiothreitol (DTT) in 50 mM Tris buffer (pH 7.6) and heated for 1 h &060 he guanidine
was then diluted 6-fold with 50 mM Tris buffer/10mM CaQ@iH 7.6), proteins were digested
into peptides with 1:100 (wt/wt) sequencing grade trypsin (Promega, Madison, WI), and
cellular debris was removed by centrifugation (3@@pPfor 10 min). Peptides were desalted
off-line by C18 solid phase extraction (Waters, Milford, MA), concentrated (to B0 p
filtered and aliquoted (150 pL per aliquot; entire aliquot used for each LC-Mgeal

2D-LC-MS/MS. Two-dimensional nano LC-ES-MS/MS analysis of each biological
replicate and sample type was carried out on an linear ion trap mass spiect(biir@
Thermo Fisher, San Jose, CA) as previously describedin total eight different biological
samples were analyzed with three biological replicates for each sargapt #or two

replicates for the samples from cultures grown on 4-NP°&,28.e to insufficient protein



guantity in the third replicate for reliable analysis. All samples wanaising the same
methodology on the same LC-MS system. LC columns were thoroughly washed between
sample sets to avoid carry over contamination or changed out entirely. Sanelésaded

onto a 2-dimensional split phase column made of strong cation exchange (SCX) asel rever
phase (RP). Samples (150 pL) were first loaded onto a 150 um back column packed with of 4
cm of RP and and 4 cm of SCX. This back column was then connected to a 100 um RP front
column with an integrated nanospray tip that was packed with 15 cm of RP. The column
system was placed into a nanospray source (Proxeon, Denmark), directly in frent ®f

mass spectrometer. The LTQ was coupled to an Ultimate HPLC pump (L@ d¢=acki

division of Dionex, San Francisco, CA), which had an initial flow rate of +1@®in that

was split precolumn to obtain a flow rate of ~300 nL/min at the nanospray tip. Sareptes w
analyzed via two-dimensional liquid chromatography over 23 h by 11 consecutive irgreasin
(0-500 mM) pulses of ammonium acetate salt. Each salt pulse was followed by\egsa re
phase gradient from 100% aqueous solvent (95@/ H% ACN/ 0.1% formic acid) to 50%
organic solvent (30% ¥/ 70% ACN/ 0.1% formic acid). During the chromatographic
separation the LTQ was operated in a data-dependent mode and under the didcifdbet
Xcalibur software (Thermo Fisher Scientific). The following paranseteare applied to the
LTQ MS analyses: nanospray voltage of 3.8 kV, heated capillary temperaf@Gf and a

full mass scan range of 400-1700. MS/MS spectra were acquired in data-dependesg mode
follows: 5 MS/MS spectra were obtained following every full scan; 2 micneseare

averaged for every full MS and MS/MS spectrum; a 3 m/z isolation width was yadplo

35% collision energy was used for fragmentation, and dynamic exclusion wad seith a

duration of 3 min.



Resulting MS/MS spectra were searched using the DBDigger algdftitfwith a database
containing all the non-redundant predicted proteins fBowhlorophenolicus (5,286 entries)
and 36 common contaminants (i.e. keratins and trypsin). The proteins in the database were
designated according to their IMG gene object IDs from the draft genauernse

(http://img.jgi.doe.gov/cgi-bin/pub/main.ggi Cluster of Orthologous groups (COG) categories

were also extracted from IMG and added to each protein entry. The outputesateefie then
filtered and sorted with the DTASelect algorittfrasing the following parameters: fully

tryptic peptides only, with delCN of at least 0.08 and cross-correlation séme@ss) of at

least 25 (+1), 30 (+2) and 45 (+3). At least two peptides had to be identified within the sam
run in order for a protein to be deemed identified. DTASelect output files weeetexl for

total proteins, peptides, spectra and sequence coverage for each proteposialselevels
were estimated via decoy database method with a reverse database appemeledaoftthe
forward databasé Reverse entries were given a unique identifier and total peptides matching
forward entries and reverse entries were calculated using the foroml&@éng et al*. False
positive rates were calculated for 6 representative runs and resulted in anmagtedalse
positive rate of 2.2-5.7% per run. It should be noted that only proteins with at least 5 total
spectral counts were used for quantitation (discussed below) that further reduedskthe
positive rate for quantified proteins.

Protein abundance was estimated using a semi-quantitative, |&eelafproach by
counting the number of MS spectra for each protein in an individu&{uspectral counts
from each growth condition and LC-MS analysis were extractedansingle worksheet.
Proteins with 5 or fewer total spectral counts across all ssmpére excluded from the
statistical analysis due to low reliability of the abundancthe$e proteins. The dataset was
analyzed using the Poisson regression model that is commonly ussmlifdrdata based on
the assumption that the data have a Poisson distribution, such anfleg@mcountered when

counting a number of evehfs The Poisson regression model assumes the logarithm of its


http://img.jgi.doe.gov/cgi-bin/pub/main.cgi

expected value can be modeled by a linear combination of the indepeadahbles. In our
analysis, we used spectral counts as the outcome and growth conditien independent
variable. To make the spectral counts comparable across different exysyiwe normalized

the spectral counts for a protein to the total spectral countsspeeific experiment. In
Poisson regression, this is handled by adding the logarithm of gjo¢atral count as an
independent variable with a fixed coefficient of 1. Thealues generated by the model were
further adjusted using the Benjamini and Hochberg correction to acdounnultiple
comparison®. An adjusted value of 0.01 (i.e. 1% False Discovery Rate) was used to select
proteins that were differentially expressed between selected groups.

Classification of proteins & visualization.In order to classify the proteins identified via
LC-MS analysis based on enzymatic function, we used the enzyme profiles] (g 2006)
provided by PRIAM?®. For all predicted protein sequences, a RPS-BLASFainst the
enzyme profiles was performed and the results were parsed according t@ttsegtvgn by
PRIAM. Identified enzymes were then mapped to KEGG pathway¥nagsed on whether

their abundances were found to be changed in the respective comparison.

Results and Discussion

Using the shotgun proteomics approach we could identify between 1645 and 2074 proteins
per sample and 3773 non-redundant proteins in total from samples from all growth states
including growth at different temperatures and on different phenolic compounds, anah& mut
with an inactivated 4-CP degradation pathway during growth on phenol (Supplemetuary Ta
1). The number of proteins, peptides and spectra from each growth condition and biological
replicate are shown in Table 1. The draft genom& ohlorophenolicus at the time of
screening contained 5286 potential protein coding genes and since not all of these are
expressed at any given time (i.e. typically only a third are expressag give@n growth

condition due to gene regulation), this is excellent coverage of the predictednatethis



microorganismA. chlorophenolicus was found to have large differences in its proteome
depending on the growth temperature or growth substrate. Some of the most abundant
proteins regardless of growth substrate or temperature were e.g. a maTase/g
(2500143301) (previously reported as Cpii¥)-l chaperonin GroEL (2500146253) and a
chaperone protein DnaK (2500143310) as well as a Succinyl-CoA synthetase (2500145054).
The most abundant proteins in each growth condition are listed in Table 2.

Proteins from each growth condition were grouped in clusters of orthologous (COG)
categories, although please note our disclaimer that these groupingsiyerade using a
draft genome and they are likely to change with a completely finishrexdhrge Still, it
enabled us to make comparisons between the growth conditions. At this high level sifanaly
however, no major differences were seen between the different growth conditions though
minor differences were noted (Supplementary Table 2). The dominant COG iestegor
included hypothetical or conserved hypothetical proteins, amino acid transport and
metabolism, translation and energy production. While proteins were found in gbhriase
some including cytoskeleton, motility, chromatin structure and RNA processing and
modification had only 1-4 protein identifications per growth state. This is not siagpsince
some of these functions are rarely seen or not used at all in bacteria. Aglcae®me was
extracted that contained only those proteins found in all growth conditions and biological
replicates. In total 738 proteins were found in all samples and biological teplica
(Supplementary Table 3), interestingly these had the same distribution of &€YGBrees as
the entire set (Supplemental Table 2). Proteins found in this subset includedlmalugely
necessary for growth including most of the ribosomal and translation proteinstifrizosc
proteins, chaperones, oxidative phosphorylation proteins, and other core metabolic pathways.
Interestingly, many hypothetical or conserved hypothetical proteinsfauand in the core
proteome suggesting a critical need for these proteins.

An overall comparison of 1678 genes showing significantly different expression pnofiles



comparisons between at least two growth states is shown in Figure 1. ifhfendiags from
these comparisons can be summarized as follows: 1) The major differencesim prote
expression depend on the substrate and phenol is very different from the other two substrate
2) Among samples grown on 4-NP and 4-CP, the temperature effect is stronghethan t
substrate effect. 3) In comparisons of the wild type and mutant strains grownnath, e
temperature effect is stronger than the mutation effect. 4) Cultures gro phenol are more
sensitive to temperature changes than those grown on 4-NP and 4-CP. The diidierehital
comparisons are discussed in more detail in the following sections. Due to the lalg ntim
significant changes in levels of many different proteins it is diffitutlissect the complex
interplay between regulation of their expression and functional significaoeever,
through deep exploration of the proteomes we found indications of interesting and semetime
unexpected mechanisms for stress adaptations in this species and some of these a
highlighted in the following sections.

Differences in protein expression at 28°C vs. 5°C

Cold shock proteins

In a preliminary experiment, 2D-polyacrylamide gel electrophoresmsaled several
differences in the proteomesAfchlorophenolicus cells grown at 5°C compared to cells
grown at 28°C, irrespective of the growth substrate (data not shown). One spot wiagprom
in 5°C-cultures but not present or faint at 28°C. This spotdeasvo sequenced and
identified as a putative DNA-binding cold-shock protein, homologous to the CapA protein
found inA. globiformis SI55%,

Subsequently, we investigated the same temperature growth conditions ushagbe s
proteomics approach. Hundreds of proteins differentiated between the two growth
temperatures. The same putative cold-shock protein (2500145448) that we found using the 2D
gel approach was identified as consistently more highly expressed at the shotgun

proteomics data. Five other homologues to this protein were also expressedlioras,
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however their expression was not consistently higher at 5°C compared to 28°C, indicating tha
these proteins do not offer cold protection only, but have other stress-protective rotds a
as previously suggestéd

Protein variation at 5 and 28 independent of growth substrate

Only 25 proteins were consistently significantly differently expressdteawo temperatures
regardless of growth substrate (Table 3). Several of these were chapenmhiribosomal
proteins that are known to respond to temperature stress. Some unknown proteins also
differed in response to temperature, reflecting the need for futuredlesedhe area of
temperature adaptations. Only 5 of the 25 proteins mentioned consistently changed in the
same direction in response to temperature. These were a putative monooxygenase
(2500143405), an alanine dehydrogenase (2500145508), a hypothetical protein (2500145780)
(re-named unknown), a formaldehyde dehydrogenase (2500143393), and a putative cold-
shock DNA-binding domain protein (2500145448). Of these, all but the putative
monooxygenase and the formaldehyde dehydrogenase increa8€ccatripared to Z&.

We can only speculate about the roles of these proteins in temperature @l ptatnis

stage. Alanine dehydrogenase has previously been reported as assattiageolwth at low
oxygen levels and accompanying cell dormancy as well as starvationenistagvation or

salt stres¥’, and is necessary for sporulatiorBacillus subtilis®®. However, to our
knowledge it has not been associated with cold growth until now.

Protein variation at 5 and 28 depending on substrate

Different types and amounts of proteins varied at the two temperatures depanttieg

growth substrate: 4-CP, 109 proteins; 4-NP, 222 proteins; phenol, 527 proteins. Some of these
are listed in Table 4 and discussed further below. In particular, cultes gn 4-NP

reacted differently to changes in temperature compared to those grown on the@ther t

phenolic compounds. Among the proteins up-regulated at 5°C compared to 28°C in 4-CP

and/or phenol cultures but not in 4-NP cultures was an AAA ATPase (ATPasesatasoci

11



with diverse cellular Activities) (2500143793) having chaperone-like functions, and a
peptidylprolyl isomerase (2500147455) which facilitates protein folding. Such pratays
help to facilitate replication, transcription and translation processes treatdguced

efficiency at low temperatures. In addition, a GplX protein (2500145962) was more highly
expressed at 5°C than 28°C in 4-CP and phenol-grown cultures but not in 4-NP-grown
cultures. The GplX protein is involved in glycerol metabolism, indicating thaegdyeight
play a role in bacterial cold adaptation at least during some conditiédnshtorophenolicus,

as in other organisms, e $accharomyces cerevisiae®, and as for other kinds of stresses, e.g.
osmotic stress.

One of the proteins that had a lower abundance during cold growth on 4-CP and phenol
was the uncharacterized conserved protein Ycel (2500145348). This protein has probable
importance for isoprenoid quinone metabolism and for controlling oxidative stressrend ge
regulatiorf’. The role of this protein in adaptation to changes in temperature is currently
difficult to predict, if it is not part of a general stress response. Isesscascussed in the
context of growth substrate adaptations below.

Temperature adaptation of membrane fatty acid compaosition

Previously, we found that thaateiso:iso ratio of theA. chlorophenolicus membrane fatty
acids decreased in response to high temperatures and increasing coaosrtfatinenolic
compounds, the extent depending on the nature of the phenolic corhpbumobserved
relative increase in expression of a dihydroxy-acid dehydratase (25001434 3poinse to
high temperatures in this study would thus be consistent with the results of the pséwityus
This indicates a role of this protein in productionsofbranched fatty acids. The mechanism
that Gram positive bacteria use to control tlaeteiso/iso ratio is not known, but this could be
based on the ratio between the precursors valine and leucise, fand isoleucine for

anteiso. The results of this study therefore provide a first indication of a mechanismaior G

positive bacteria to control their membrane fluidity, through expression of e.grdtein

12



dihydroxy-acid dehydratase and subsequent production of precursmsboanched fatty
acids.

Differences in protein expression in response to phenolic substeaflo study
differences in protein expression due to the phenolic growth substrate, sampléser
temperature growth optimum of 28°C were compalegeneral, the protein expression
pattern was more similar for growth on the substituted phenols, compared to phenol. In the
comparison between 4-CP and 4-NP 101 proteins were significantly differenthss&gdr
whereas 255 vs. 203 differed between 4-NP and phenol vs. 4-CP and phenol, respectively. In
the latter two lists, 111 protein identities were shared that did not differ betw@eraad 4-
NP cultures. This clearly illustrates that 4-CP and 4-NP cultures ahmoge similar protein
expression pattern compared to phenol-grown cultures. This could be a result of common
degradation routes for 4-CP and 4-NP (Figure 2) compared to phenol, as suggested in a
previous study and/or due to the higher toxicity of 4-NP and 4-CP compared to phenol. All
proteins discussed below are listed in Table 5.

Proteins more abundant during growth on substituted phenols compared to phenol

The Ycel protein mentioned above was much more abundant in cultures grown on 4-CP and
4-NP compared to those grown on phenol. This protein was also shown to increase in
abundance iDelftia acidovorans after addition of a chlorophenoxy herbicide as a growth
substrat&. It may be a stress response towards halogenated aromatic hydrocarbons as
members of this family are known to control oxidative sffedhe probable role of Ycel in
guinone metabolism may also have importance for the preferepeeae$ubstituted phenols,
having a quinone-like structure, A chlorophenolicus™.

We found that a monooxygenase previously reported as Cpig500143301),
corresponding to the oxygenase component of a monooxygenase and part of the proposed 4-
chlorophenol degradation pathway, was more highly expressed in 4-CP and 4-NP-grown

cultures than in phenol-grown cultures. This makes sense considering its predicted role
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metabolism of 4-CP and 4-NP, but not phenol. In addition, this protein had the highest
spectral counts in all samples regardless of growth substrate or tamperat

In addition, several ATP synthases (ATPases) (2500146385 and 2500146382; 2500143793,
2500146381 and 2500146380) were expressed at higher levels during growth on substituted
phenols. Previous studies of pseudomonads have shown that the ATP concentration decreases
in response to exposure to lipophilic hydrocarfdf{sIn addition, it is known that phenolic
compounds uncouple cellular respirafitf, which could cause inefficient ATP synthesis and
result in low ATP concentrations. Therefore, the increase in expression a3 i the
presence of 4-CP and 4-NP, relative to phenol, may be an effort to compensate for the
decreased ATP concentrations. Such indications of compensation for low levels of &TP ha
not been reported previously to our knowledge.

Some chaperone and chaperonin proteins were more abundant during growth on substituted
phenols compared to phenol: a chaperone DnaK (2500143310) and its co-chaperone, DnaJ
(2500144536) that are part of the Hsp70 heat-shock system, involved in protein folding and
renaturation after stress; GroEL proteins (2500146253, 2500145671, 2500146254) and a
SufBD protein (2500145932), that is an important cofactor for numerous proteins involved in
the SUF system operating under e.g. oxidative stress, which can occur wharecells
subjected to lipophilic hydrocarbons as in this study.

Proteins that were specifically higher in abundance in 4-NP grown culturededdhose
with possible roles in nitrogen metabolite repression, i.e. NmrA family protei
(2500143164) and the dihydroxy-acid dehydratase (2500143431) that was discussed above
when comparing growth temperatures, strengthening our hypothesis that yine ez
associated witihso branched fatty acid synthesis, since we previously found the highest levels
of iso branched fatty acids whek chlorophenolicus was grown on 4-NP

Proteins with higher abundances in phenol grown cultures

14



Five additional putative monooxygenases in two clusters on separate contigs (2500143405,
2500143406, 2500143407; and 2500144277, 2500144278) were 6-30 times more abundant in
phenol-grown wild type cultures than 4-NP or 4-CP-grown cultures. In addition, GphA-I
(2500143295), the second hydroxyquinol 1,2-dioxygenase in the previously reported 4-CP
degradation pathway(Figure 2), was at levels almost four times higher for phenol grown
cultures than for those grown on 4-CP or 4-NP. This suggests that CphA-I11 is likelyeidvol

in degradation pathways #fthrobacter chlorophenolicus cells grown on all three phenolic
substrates.

Two glycerol kinases (2500146342, 2500146341) and a glycerone kinase (2500143798),
were much more abundant in phenol cultures than 4-NP or 4-CP cultures, suggesting that
glycerol is used as a reserve carbon source vheln orophenolicus is growing on phenol.

This data suggests that phenol is not a sufficient energy source on its own, explainimg the s
and inconsistent growth seen on this substrate compared to the other phenolic compounds

Another indication of insufficient energy during growth on phenol is the elevated l&vel
key enzymes in the glyoxylate bypass during growth on this compound; i.eat®ljiase
(2500144161) and malate synthase proteins (2500143966, 2500144162). The glyoxylate
bypass is a shunt in the tricarboxylic acid (TCA) cycle, permitting the usé¢tpfacids or
acetate as carbon sources to provide intermediates in the TCA cycle (Figunea8alition,
the T99 mutant with a disrupted 4-chlorophenol degradation operon, also had much higher
levels of the glyoxylate bypass proteins than the wild type strain when keothgnown on
phenol (Figure 3b, Table 7). Since the mutant is known to grow better on phenol than the wild
type straifi, these data suggest that the glyoxylate bypass is a beneficial gisdding
reaction during growth on phenol.

Differences in uptake/transport mechanisms for the different phenolics

Several uptake and transport-associated proteins also differed in expregsisiétween

phenol and the substituted phenols suggesting that different uptake mechansissed &ve
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transport of these two classes of phenolic compounds. We previously found that when 4-CP,
4-NP and phenol were added together as a mixture, 4-NP was degraded first, followed by 4
CP and then pheriblin addition, phenol degradation did not begin until 4-CP was almost
depleted indicating some sort of interaction between the compounds. Examples oft@anspor
related proteins that were only detected during growth on phenol, but not substituted phenols
were: extracellular solute-binding proteins (2500144279, 2500145620, 2500143411), an ABC
transporter related protein (2500145130) and a putative ABC-type sulfonate transigornt sy
protein (2500145128). In contrast, a different extracellular solute-binding protein
(2500144130) was more highly expressed during growth on the substituted phenolic
compounds. There were also two periplasmic binding proteins and another exaacellul
solute-binding protein family 1 (2500145912, 2500144463, 2500144131), mainly expressed
in 4-NP cultures, suggesting special transport proteins for this compound. Previous kinetic
analyse$indicate that 4-NP and 4-CP are in fact degraded simultaneously, but 4-NP has a
faster rate of transport into the cell and this could be due to differences in thelalpks,

should the phenolate ion be the preferred uptake substrate in both cases. However, study of
the proteomes suggest that the situation is more complex, involving different uptake
mechanisms depending on the substrate. The different expression of severeaAgpOrter
proteins between wild type and the T99 mutant strain is interesting, since our petuthus
indicated transport competition between 4-CP and phenol

Unknown proteins

Several unknown or hypothetical (re-named unknown) proteins differed between 4-CP vs.
phenol, 4-NP vs. 4-CP and 4-NP vs. phenol-grown cultures; 16, 10 and 23, respectively. None
of these proteins was significantly differently expressed acrossoaltlysubstrates. Eight of

these were different when comparing 4-CP and 4-NP vs. phenol, but not between 4-CP and 4-
NP grown cultures, an additional indication of a similar behavioi: ol orophenolicus on

substituted phenols compared to phenol. Five were more abundant in phenol-grown cultures
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(2500145574, 2500146173, 2500147824, 2500146860, 2500143408) and one of these
(2500143408) was almost 10 times more abundant in phenol cultures. There was also a
protein that was 4 times more abundant in 4-CP cultures than in the other cultures
(2500144629). The large differences we observed in expression of these unchadacteriz
proteins reflects the need for further research in the area of adaptatioom#biar
compounds and their degradation pathways.

Wild type versus mutant

When comparing the proteomes of wild type and mutant T99 strains during growth on phenol
at 28°C, 453 proteins differed significantly in their abundances (see Table 6 faahlig8rt
Many of the proteins found to a higher extent in the wild type strain compared to #rg mut
were those in the chlorophenol degradation pathway as expected, since this pathway
disrupted in the mutaht(Table 6). The putative monooxygenases in two clusters on separate
contigs (2500143405, 2500143406, 2500143407; and 2500144277, 2500144278) that were
abundant in phenol-grown wild type cultures (see discussion above) were not detected in the
mutant. Downstream of the disruptguhA-1 gene in the mutant is an ORIphX (not
annotated in the draft genome), similar to an ABC transporter and this progseaiseaot
detected in the mutant. This is also true of an ABC transporter related protein (2500145130), a
putative ABC-type sulfonate transport system (2500145128) and two extracellutar sol
binding proteins, family 3 and 5 (2500143411, 2500144279). Thus, the mutation in T99
affects other genes apart from the knocked-out gene, and the mutant might eveée degra
phenol differently than the wild type.

Interestingly, an extracellular solute-binding protein family 1 (2500143192jnoeas
highly expressed in the mutant compared to the wild type strain and an ABC-ttanspor
related protein (2500143447) was only found in the mutant. These findings suggest that

transport of phenol into the cell could be occurring differently in the mutant compaites t

17



wild type strain. Since the mutant grows better on phenol than the wild typeastreore
efficient transport of phenol into the cell could be an alternative explanation fénthigg.
Although we do not know the pathway used for phenol degradation in the mutant (or wild
type) there are several clues obtained from studying the mutant. The hyairmiyi, 2-
dioxygenase, CphA-I, is evidently redundant for phenol degradation, since thre strdan

can grow better on this compound than the wild-type strain without producing this protein.
Although levels of the second hydroxyquinol 1,2 dioxygenase, expresspd/Ayl in the 4-
chlorophenol degradation gene cluster, were lower in the mutant than in the wildvigse |
still expressed at relatively high levels. Since the mutant is unable toogreubstituted
phenols, the CphA-Il enzyme is not sufficient for that process (Table 6). The two CphA
enzymes are sufficiently different at the protein level to be distinguishbab resolution

MS, therefore, these peptides were not misidentified. Differences in KEG#baolie

pathways indicated by differences in protein expression between wild type and anetant
shown in Table 7. Besides the differences already mentioned in glyoxythtBcarboxylate
metabolism (see also Fig. 3) and benzoate degradation that encompasses sopretefrike
involved in 4-CP degradation, are some major differences in purine and pyrimidine
metabolism. Also, some proteins involved in biosynthesis of valine, leucine and iselauei
higher in the mutant than the wild type.

Conclusion.In summary, the results of this study provide a glimpse of the complicated
processes behind adaptation to growth in low temperature as well as to growfieremidif
phenolic substrates. Many adaptation mechanisms are employedhbgrophenolicus in
response to temperature stress and phenolic substrates, and often the sameaugroteins
expressed as a response towards both kinds of stresses. Increasing studiest Sti@sg-
induced proteins are often the same for many different kinds of stresses, and hdreee may

their names should be re-evaluated, as in the case of e.g. cold-shock or heat-sbimsk prot

18



These data have also revealed an unexpectedly complicated machipleenoif degradation

pathway(s) in this organism, a question that requires further research to solve.
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Table of Contents (TOC) Synopsis

Arthrobacter chlorophenolicusis a psychrotrophic bacterium capable of growth on different
phenolic compounds at high concentrations and at different temperature extrbefks
chlorophenolicus proteome revealed hundreds of differentially expressed proteins, providing
clues to stress adaptation mechanisms used by this microorganism. Studyittf tipe and

a mutant strain revealed insight into degradation pathway(s) for phenol andusedbstit

phenolic compounds and metabolic shifts during growth on these compounds.
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Table of
Table 1 The total number of proteins, peptides and spectra from each growth condition and

biological replicate.

Growth condition Proteins Peptide IDs Spectra

Wwild type

150 ppm 4-CP, 28°C 1856 14355 24213
replicate 1985 17476 29275
replicate 1831 16056 26946
100 ppm 4-NP, 28°C 1991 16298 30930
replicate 1711 14385 32640
400 ppm phenol, 28°C 1916 15304 28279
replicate 1841 14132 28018
replicate 1837 13192 24966
150 ppm 4-CP, 5°C 1988 17022 30280
replicate 1943 15537 28419
replicate 1804 14994 27988
100 ppm 4-NP, 5°C 2074 16236 32830
replicate 2000 16149 28191
replicate 1956 16564 28333
400 ppm phenol, 5°C 2052 18124 32659
replicate 2050 17924 32909
replicate 2004 16136 26593
Mutant T99

400 ppm phenol, 28°C 1645 11330 27911
replicate 1650 13623 22713
replicate 2121 17130 29957
400 ppm phenol, 5°C 1777 13777 31246
replicate 1980 14682 30014
replicate 1955 15941 31116
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Table 2 The most abundant proteins (spectral counts) in each growth condition, reported as

averages of three replicates.

Phenol Phenol

Protein description COG 4-CP 28 4-CP5 4-NP 28 4-NP 5 28 5
Monooxygenase (cphC-1)? 621 498 604 768 470 667
Ycel family protein 422 244 423 409 122 82

384 624 736 443 456 202
371 465 506 348 311 163
318 364 456 309 257 258
244 352 394 353 317 324
243 288 312 240 195 138
243 225 314 326 252 380
189 216 175 119 117 164
186 223 228 223 206 218

Chaperonin GroEL

Chaperonin Cpn60/TCP-1

Chaperone protein DnaK

Succinyl-CoA synthetase, beta subunit

Chaperonin Cpn60/TCP-1

Extracellular solute-binding protein family 5
Elongation factor Tu domain protein
Glyceraldehyde-3-phosphate dehydrogenase, type |

OemOOOO0OO0OwmAOo

Maximum standard variation = 82%. Values in normal font are among the 10 most abundant
for a given growth condition; whereas those in italics are still abundant, but not dredog t
10 for all growth conditions and are shown for comparison. COG categories found at

http://www.ncbi.nlm.nih.gov/COG/grace/fiew.cgi.

2 Reported int®.
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Table 3.Proteins differing significantly (spectral counts) between temp@stegardless of

growth substrate.

Protein description

Monooxygenase (cphC-1)?

chaperonin GroEL

chaperonin Cpn60/TCP-1 (GroEL)

conserved unknown protein

ATP synthase F1, alpha subunit

ribosomal protein L20

carbohydrate kinase FGGY

protein of unknown function DUF1486
chaperonin Cpnl10

ribosomal protein L4/L1e

ribosomal protein L10

2-oxoglutarate dehydrogenase E2 component
Phosphoglycerate kinase

flavin reductase domain protein FMN-binding (cphB)®
Hydroxyquinol 1,2-dioxygenase (cphA-11)?
ribosomal protein L18

ribosomal protein L11

FAD dependent oxidoreductase

putative cold-shock DNA-binding domain protein
putative monooxygenase

alanine dehydrogenase

CBS domain containing protein

unknown protein

Formaldehyde dehydrogenase glutathione-independent E, R

transcriptional regulator, PadR-like family

>501
401-500
301-400
201-300
121-200
61-120
41-60
21-40
11-20
6-10

0-5

4-CP 4-CP 4-NP 4-NP Phenol Phenol
COG 28 5 28 5 28 5

<« O VWO O0OO

(@]

none

moOXO«eocOITOO w0

Py

none

K

%Genes in previously reported 4-chlorophenol degradation cluster
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Table 4.Differences in protein expression (spectral counts) in response to growth

temperature.

4-CP  4-CP  4-NP  4-NP Phenol Phenol I.D.
Protein description COG 28 5 28 5 28 5

Ycel family protein S 2
ATPase AAA-2 domain protein o 2
Putative cold-shock DNA-binding domain protein K 2
GlpX family protein G 2
Putative cold-shock DNA-binding domain protein K 2
Ribosomal protein L14 J 2,3
Peptidylprolyl isomerase (0] 1,2
Dihydroxy-acid dehydratase E,G 1,3
Aldo/keto reductase R 2
Conserved hypothetical protein none 2,3
Protein of unknown function DUF1684 none 2

I.D. = Numbers in last column indicate insignificant differences betwaaplea from
cultures grown on the following phenolic compound: 1) 4-CP, 2) 4-NP, 3) phenol. The color

legend is the same as in Table 3.
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Table 5. Differences in protein expression (spectral counts) in response to grdsthese.

Protein description

COG

4-CP  4-NP Phenol

Ycel family protein

ATP synthase F1, alpha subunit

ATP synthase F1, beta subunit

ATPase AAA-2 domain protein

H+transporting two-sector ATPase alpha/beta subunit domain protein
H+transporting two-sector ATPase delta/epsilon subunit
Putative cold-shock DNA-binding domain protein
Putative cold-shock DNA-binding domain protein
Putative cold-shock DNA-binding domain protein
Putative cold-shock DNA-binding domain protein
Putative cold-shock DNA-binding domain protein
Putative cold-shock DNA-binding domain protein
NmrA family protein

Dihydroxy-acid dehydratase

Pyruvate kinase

Acetyl-CoA acetyltransferase

Pyruvate carboxylase

Pyridoxine biosynthesis protein

Chaperone DnaJ domain protein

Chaperone protein DnaK

Chaperonin GroEL

Chaperonin GroEL

Chaperonin GroEL

SufBD protein

Asp/Glu racemase

Porphobilinogen deaminase

Porphobilinogen synthase

Glycerol kinase

Glycerol kinase

Glycerone kinase

Isocitrate lyase

Malate synthase A

Malate synthase A

Glyoxylate reductase

Isocitrate dehydrogenase (NADP(+))
Extracellular solute-binding protein, family 5
Extracellular solute-binding protein, family 5
Extracellular solute-binding protein, family 3
ABC transporter related

Putative ABC-type sulfonate transport system
Extracellular solute-binding protein family 1
Periplasmic binding protein

Periplasmic binding protein

Extracellular solute-binding protein, family 1
Conserved unknown protein

Unknown protein

Protein of unknown function DUF1684

Unknown protein

Unknown protein

Conserved unknown protein

AARXRARAAXOOOOOWO

m @
Oo*zx

mmOIOOOOOOIImMOOOO0OO0OO0OIT O —
Py

1.D.
1

N

N

P PP RPRPNWOWWWRRERRPRPR
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I.D. Insignificant differences between the following growthestatl) 4-CP and 4-NP, 2) 4-NP

and phenol, 3) 4-CP and phenol.

3Genes in previously reported 4-chlorophenol degradation citster

The color legend is the same as in Table 3.
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Table 6. Differences in protein expression (spectral counts) between wild typewadtm

strains, both growing on phenol.

Protein description COG Wt T99 I.D.
Monooxygenase (cphC-1)? Q 470 529
Maleylacetate reductase (cphF-I1)? C 196 139
Hydroxyquinol 1,2 dioxygenase (cphA-II)? Q 184 104
Monooxygenase FAD-binding (cphC-11)? CH | 161 108
Hydroxyquinol 1,2 dioxygenase (cphA-1)? Q 158 3
carbohydrate kinase FGGY C

Isocitrate lyase C

flavin reductase domain protein FMN-binding (cphB)? R

Putative monooxygenase C

Conserved unknown protein R

Putative monooxygenase C

Unknown protein M

Protocatechuate 3,4-dioxygenase, alpha subunit Q

Taurine dioxygenase Q

Isocitrate dehydrogenase (NADP(+)) C

Protein of unknown function DUF1684 S

Aldehyde dehydrogenase C

Putative monooxygenase C
Glyoxalase/bleomycin resistance protein/dioxygenase R

Malate synthase A C *
Glyoxalase/bleomycin resistance protein/dioxygenase S

Malate synthase A C

Putative monooxygenase none

Extracellular solute-binding protein family 5 E

Nitrilotriacetate monooxygenase component A C

Maleylacetate reductase (cphF-1)® C *
Putative monooxygenase none | 15 0
Putative ABC-type sulfonate transport system P 11 0
Phenol hydroxylase domain protein dimerisation CH | 11 5 *
Glyoxalase/bleomycin resistance protein/dioxygenase none | 11 4
Extracellular solute-binding protein family 3 ET 10 0

ABC transporter related P 8 0
Malate dehydrogenase (oxaloacetate-decarboxylating) (NADP(+)) C 7 46
Transcriptional activator domain (cphS+cphR)? K 3 4 *
Probable molybdate ABC transporter (cphX)a'b 3 0
Extracellular solute-binding protein family 1 G 2 90
Catechol 2,3 dioxygenase R 2 1 *
Conserved unknown protein none O
ABC transporter related \% 0 12

%Genes in previously reported 4-chlorophenol degradation cluster
I.D. = Insignificant difference; * no significant difference between@am
PProtein with no corresponding gene annotation in the draft genome.

The color legend and COG definitions are the same as in Table 3.
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KEGG pathway
Citrate cycle

Pyruvate metabolism

Glyoxylate and dicarboxylate metabolism

Reductive carboxylate cycle (CO fixation)

Purine metabolism

Pyrimidine metabolism

Valine, leucine and isoleucine biosynthesis

Pantothenate and CoA biosynthesis

1,4-Dichlorobenzene degradation

Benzoate degradation via CoA ligation

Benzoate degradation via hydroxylation

wt Higher
6.4.1.1
1.3.99.1
6.2.1.4
6.2.1.5

6.4.1.1
23.1.9

1.21.2
3.54.9

1.3.99.1
6.2.1.5

3544
2421
2424
3.5.15
1717
2421
2424

2787

1.14.13.20
1.3.1.32
1.13.11.37
1.1.1.35
1.3.99.1
3514
2.3.1.9
421.17
3.1.1.24
2.8.3.6
1.3.1.32
1.13.11.37
1.13.11.3

Table 7. Altered KEGG pathways in comparisons of wild type (wt) vs. mutant strains.

Mutant Higher
2331
4213
1.1.1.42
1242
18.1.4
2.3.161
1.1.23
1222
1213
6.2.1.1
18.1.4
1.1.1.40
2.3.39
1.1.99.16
2331
4213
4131
4.1.1.47
2.3.39
5.3.1.22
2.7.131
6.2.1.1
4213
1.1.1.42
2.7.7.6
11741
2774

27.7.6
11741
1.8.1.9
6.3.4.2
2.2.1.6
1.1.1.86
4.2.1.9
6.1.1.9
2216
1.1.1.86
42.1.9
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EC-numbers of proteins that are upregulated in the wild type strain compared tatdhé m

(left column); upregulated in the mutant strain compared to the wild type (rigimicpl
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Figure legends

Figure 1. Heat map showing differences in protein expression. a) Growth conditions: Upper
tier: Green = Phenol, Red = 4-NP, Black = 4-CP; Middle tier: Black =5 C, Red = 28 C;
Lower tier: Black = Wild type strain, Red = Mutant strain. b) 1678 genes showing
significantly different protein abundances in pairwise comparisons betwatmérgs

according to spectral count measurements. Individual genes are repregemtadgbe row,

and each replicate culture for each growth condition by a single column. Eacpoetents

the expression level of a protein under one growth condition, relative to the meanierpress
level across all conditions. Red represents over-expression, and green repredent
expression. Black cells were not significantly different. c. Tree diagfastuster analysis
showing similarities between samples, using the same color schem&ponling to the

columns given in (a).

Figure 2. 4-chlorophenol degradation pathway, possibly also used for degradation 3f 4-NP
and the correspondirgph gene cluster id\. chlorophenolicus. An arrowhead indicates the
cphA-1 gene that was disrupted by transposon mutagenesis in the mutant strain and the

corresponding protein in the pathway is crossed out. Adapted®from

Figure 3. Comparisons of glyoxylate and dicarboxylate metabolism for culturesgosa

phenol compared to 4-NP or 4-CP (a) and the wild type and mutant strains (b). a) E€snumbe
marked green indicate proteins that are up-regulated in phenol-grown cultupesedio

cultures grown on 4-NP or 4-CP. b) EC-numbers marked green indicate proteare tinat
regulated and red EC-numbers proteins that are down-regulated in the wilttaype s

compared to the mutant when both are grown on phenol. Grey EC-numbers are those without

corresponding proteins in ENZYME database.
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Figure 2
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Fig3
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